Detailed results of unsteady flow measurements in a stator-rotor-stator assembly of an axial-flow turbine as well as an inlet guide vane-rotor-stator formation of an axial-flow compressor are presented in this paper.
INTRODUCTION
Most of the present analysis and design methods in turbomachinery are based on steady aerodynamics, although it is well known that the unsteady flow associated with blade row interaction has a major influence on the flow field, boundary layers, turbulence intensities, flow separation, blade vibration, noise, and heat transfer. The demand for higher performance in aircraft as well as heavy duty gas turbine design results in a close axial spacing of the blade rows, lower aspect ratios and a reduced number of blades. This requires more sophisticated design methods, including the possibility to calibrate numerical methods and their turbulence modelling. There is a strong need to gain a better understanding of the three-dimensional unsteady flow in a blade row including the upstream and downstream influence of rotor-stator interactions. more rapidly with increasing axial distance than the wake interaction amplitudes calculated according to Henderson (1972) . Figure 3 forces due to wake interaction and are much higher than the potential-theoretic results which is in good agreement with the information in Fig. 2 .
For the design of bladings in axial-flow turbomachines these blade row interaction effects have to be considered. That means unsteady flow effects due to rotor-stator interactions do change the real flow compared with a pure steady design. For example, due to the fact that in the wakes of an axial-flow compressor rotor the exit flow angle fluctuates strongly in that way that the time-averaged incidence angle to the following stator is higher than that of the steady design for the core flow between the blades. That means, the wake effects in compressor blade rows result in a higher turning of the following blade row. It can easily be shown that the wakes in turbines reduce the time-averaged turning of the downstream blade row.
The above discussion of the rotor-stator interaction concerned at first the time-averaged loading of the blade rows. On the other hand, the profile pressure fluctuation due to rotor-stator interaction strongly influences the behaviour of profile as well as side wall boundary layers. The Figure 6 shows the loss distribution with increasing incidence. The left hand side demonstrates the circumferentially averaged losses at midspan, where the profile losses are dominating and side wall flow influences are comparatively small. In this case, the midspan losses are increased by rotor-stator interaction due to an earlier profile boundary layer transition. The right hand side of Fig. 6 shows the overall losses averaged circumferentially and from hub to tip as a function of incidence angle. In the whole incidence range the overall losses are lower due to rotor-stator interaction causing a higher turbulence level and stronger energy transport from the core flow to the low energy side wall flow.
It should be mentioned here, that these results of rotor-stator interaction on loss behaviour were achieved for an aspect ratio of only 0.86 explaining for the fact that the reduction of the overall losses by rotor-stator interaction is due to the strong loss reduction near the sidewalls that overcompensates 57. Lticke et al., 1995; Melake, 1995) . Table I .
The objective ofthe project was to study unsteady flow effects in a high speed compressor. Therefore, the compressor was equipped with various unsteady flow measuring techniques.
The three-dimensional flow field at rotor inlet and outlet was determined with 3-D hot-wire is obvious that the potential-theoretic upstream interaction of the rotor on the IGV vanes is much stronger than the downstream interaction on the stator blades comosed of potential-theoretic and wake interaction. Similar effects have been mentioned already in the introduction of this paper. Along with the before described pressure fluctuation on the blade surfaces of IGV and stator the study of the boundary layer behaviour is most important with respect to the effect of unsteadiness on the position and axial extent of boundary layer transition as well as its influence on loss development. Figures 12 and 13 than for the stator. Figure 12 shows an increase of the amplitudes of the ensemble averaged data as well as frequency spectra up to sensor 6 immediately followed by a relative minimum at sensor 7 and a relative maximum shortly downstream at sensor 8. Figures 12 and 13 (Dong and Cumpsty, 1989) .
Both the beginning and the end of transition differs in time with rotor-stator position. The whole transition takes place over ca. 30% chord. Not until sensor 9 the boundary layer is completely turbulent.
The profile boundary layer of the stator is influenced by the rotor wakes (Fig. 13) A so-called "bypass"-transition takes place. The whole transition is stretched until sensor 6. This is more than 30% chord.
STATOR-ROTOR-STATOR INTERACTION IN AN AXIAL-FLOW TURBINE AND ITS INFLUENCE ON LOSS MECHANISMS
Detailed measurements have been performed in a subsonic, axial flow turbine stage to investigate the structure of the secondary flow field and the loss generation (Zeschky and Gallus, 1993) . The data include the static pressure distribution on rotor blade passage surfaces and radial-circumferential measurements of the rotor exit flow field using three-dimensional hot-wire and pneumatic probes. The flow field at the rotor outlet is derived from unsteady hot-wire measurements with high temporal and spacial resolution. The above-mentioned paper presents the formation of the tip clearance vortex and passage vortices which are strongly influenced by the spanwise nonuniform stator outlet flow. The experimental results of the unsteady flow velocity and turbulence measurements demonstrate the influence of the periodic stator wakes onto the rotor flow. Figure 14 shows the cross flow patterns inside the rotor blade passages. The arrows represent the difference between the local velocity vector and the relative velocity field in the rotor. According to the reduced frequency two stator wakes are simultaneously present in each rotor passage. Due to the cut stator wakes and secondary vortices from the stator the turbulence level is increased. Similar results were obtained by Binder (1985) . The higher acceleration at the blade suction sides causes a distortion of the stator wakes. Nevertheless, cross flow components are still observed close to the trailing edge and downstream of the rotor.
The relative flow angles and turbulence intensities inside the rotor passage in snap shots for four rotor-stator positions are shown in Fig. 15 The measurements show that the rotor secondary flow is mainly caused by the radial nonuniform stator exit flow and the periodically unsteady transport of the stator wakes through the rotor passages. The endwall boundary layer at the rotor inlet are very thin which is a result of the transport mechanisms and the acceleration in the stator.
Therefore, the highest overturning d3es not occur close to the side walls but at 15% and 85% span.
CONCLUSIONS
The measurements of the unsteady three-dimensional flow fields in compressors and turbines demonstrated quite different behaviour of the secondary flow and loss production. Inside the turbine stator strong passage vortices are generated by the endwall boundary layers. The low momentum fluid of the boundary layers is accumulated inside these two vortices. Therefore, the endwall boundary layers at the rotor inlet are very thin. They contribute only in a small scale to the rotor secondary flow.
The secondary flow field in a compressor blade row is much more complicated. The endwall boundary layers do not have the major and dominant influence as it was observed in the turbine tests, since the pressure gradient from blade to blade is lower. The intensity of the secondary flows due to leakage, profile boundary layer centrifugation, nonuniform blade circulation, is of the same magnitude. On the other hand flow separations like corner stall and rotor blade tip stall are present. Furthermore, the wake decay takes place in an adverse pressure field so that higher turbulence levels are generated inside the wake.
The measuring results demonstrated that the total pressure losses of compressor cascades with low aspect ratios (< 1.0) decreased in unsteady flow compared to those obtained in an undisturbed flow field (without rotor). This tendency has been observed at various incidence angles. Although the profile losses at midspan increase due to the earlier onset of boundary layer transition in the case with rotor, the overall losses decrease. This can be related to the significant loss reduction due to a smaller hub corner stall region. Intensive turbulent mixing in the wakes is believed to diminish the hub corner stall.
Comparing the influence of the rotor-stator interaction in compressor and turbine flow completely different mechanisms of loss re-distribution can be observed. In the turbine rotor a distinct shift of the loss cores occurring downstream of the stator towards midspan can be observed. Therefore, the dominant mixing effect in the turbine stage is caused by the intensive secondary flow. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced.
As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
